ABSTRACT: An experiment was conducted in growing pigs to investigate the additivity of apparent ileal digestibility (AID) or standardized ileal digestibility (SID) of CP and AA in mixed diets containing multiple protein sources. Using the determined AID or SID for CP and AA in corn, soybean meal (SBM), corn distillers' dried grains with solubles (DDGS), or canola meal (CM), the AID or SID for 4 mixed diets based on corn-SBM, corn-SBM-DDGS, corn-SBM-CM, or corn-SBM-DDGS-CM were predicted and compared with determined AID or SID, respectively. Eighteen growing pigs (initial BW = 61.3 ± 5.5 kg) were surgically fitted with T-cannulas and assigned to a duplicated 9 × 4 incomplete Latin square design with 9 diets and 4 periods. The 9 experimental diets consisted of a nitrogenfree diet (NFD) to estimate basal ileal endogenous loss (BEL) of AA, 4 semipurified diets to determine the AID and SID of CP and AA in the 4 ingredients, and 4 mixed diets to test the additivity of AID and SID. Chromic oxide was added as an indigestible marker. Pigs were fed 1 of the 9 diets during each 7-d period, and ileal digesta were collected on d 6 and 7, from 0800 to 1800 h. The analyzed AA levels for the mixed diets were close to the calculated values based on the AA composition of each ingredient. The results revealed that the predicted SID were consistent with determined values, except for Leu, Thr, Asp, Cys, Pro, and Ser in the corn-SBM diet and Met and Cys in the corn-SBM-DDGS diet. The determined AID for total AA and Arg, His, Trp, Gly, and Pro in the corn-SBM diet were greater (P < 0.05) than predicted. For the corn-SBM-DDGS diet, the determined AID were greater (P < 0.05) than predicted AID for CP, total AA, and all AA except for Arg, Leu, and Pro. In the corn-SBM-CM diet, the determined AID were greater (P < 0.05) than predicted AID for Arg, Cys, and Gly. When compared with determined values, predicted AID in the corn-SBM-DDGS-CM diet were lower (P < 0.05) for total AA and Arg, Met, Cys, and Pro. In conclusion, the results substantiate the notion that SID of AA are more accurate than AID for predicting ileal digestibility of AA in mixed diets containing multiple protein sources. In addition, the lack of additivity of AID in mixed diets could be attributed to the intrinsic characteristics of the feed ingredient, especially its AA content.
INTRODUCTION
It is widely accepted that the nutrient requirements of livestock should be considered on a digestible nutrient basis (NRC, 2012) . When diets are formulated to meet the requirements, the additivity of digestible nutrients is the fundamental assumption (Stein et al., 2007) . It is assumed that the amount of digestible nutrients in feed is equal to the sum of that digestible nutrient from different ingredients. Therefore, it is critical, when feeding, to validate the additivity assumption.
For AA, apparent ileal digestibility (AID) and standardized ileal digestibility (SID) values have been determined for commonly used feed ingredients (Stein et al., 2007; NRC, 2012) . However, it was demonstrated that AID for complete diets predicted from AID of ingredients underestimates AID for AA and CP in diets for growing pigs (Furuya and Kaji, 1991; Stein et al., 2005) . This underestimation could be a result of the relatively higher contribution of basal ileal endogenous loss (BEL) to the total ileal AA flow for low-CP ingredients such as cereal grains (Rademacher et al., 2001) . For this reason, some studies suggested that SID of CP and AA in feed ingredients are more likely to be additive than AID in mixed diets because these values are independent of BEL (Furuya and Kaji, 1991; Nyachoti et al., 1997; Mosenthin et al., 2000; Stein et al., 2001 Stein et al., , 2007 . Stein et al. (2005) reported that SID for corn, soybean meal (SBM), and canola meal (CM) were additive in mixed diets based on corn-SBM, corn-CM, or SBM-CM. Therefore, it is suggested that SID should be used for feed formulation (Stein et al., 2007) . However, this assumption of additivity is not well established in diets containing more than 2 protein sources, which is often observed in practical swine diets. Therefore, the aim of this experiment was to investigate the additivity of AID and SID of CP and AA in mixed diets containing multiple protein sources, which are similar to practical diets for growing pigs.
MATERIALS AND METHODS
The experiment protocol was approved by the Purdue University Animal Care and Use Committee (West Lafayette, IN).
Animals and Sample Collection
Eighteen growing pigs (initial BW = 61.3 ± 5.5 kg) were surgically fitted with T-cannulas at the ileocecal junction as described by Dilger et al. (2004) . The pigs were assigned to 2 blocks on the basis of BW and assigned to a duplicated 9 × 4 incomplete Latin square design with 9 diets and 4 periods. All pigs were housed in 2 environmentally controlled rooms (ambient temperature at 21 ± 2°C) in individual floor pens with feeders and low pressure, automatic waterers under a 12-h lighting program. Pigs were fed 1 of the 9 diets during each of the 7-d periods, and the ileal digesta were collected on d 6 and 7, from 0800 to 1800 h. Pigs received a daily feed allowance equivalent to 3% of the BW of heaviest pig in each block, divided into 2 equal amounts, and fed at 0700 and 1700 h. Ileal digesta were collected into Whirl-Pak bags (NASCO, Fort Atkinson, WI) containing an added 10 mL of 10% formic acid to reduce microbial activity. The bag was inspected at 30 min intervals and changed immediately as needed. Collected ileal samples were stored in a freezer at -20°C. At the end of each period, all the ileal samples from the same pig were pooled and subsampled for freeze-drying.
Dietary Treatments
The 9 experimental diets consisted of a nitrogen-free diet (NFD) to estimate BEL of AA, 4 semipurified diets to determine the AID and SID of CP and AA in the 4 ingredients, and 4 mixed diets to test the additivity of AID and SID (Table 1) . The 4 ingredients were corn, SBM, corn distillers' dried grains with solubles (DDGS), and CM. The 4 mixed diets were based on corn-SBM, corn-SBM-DDGS, corn-SBM-CM, and corn-SBM-DDGS-CM. Those combinations of ingredients are common in practical diets for swine. All the mixed diets were formulated to contain approximately 16% CP, and corn starch was included as the main protein-free ingredient in the diet. Chromic oxide was added as an indigestible marker.
Chemical Analyses
All diets and freeze-dried ileal digesta samples were ground using a mill grinder (Retsch ZM 100; Retsch GmbH and Co., K.G., Haan, Germany) to pass through a 0.5-mm screen before analysis. The DM of diets, ingredients, and freeze-dried digesta samples were determined by drying in a force-aired oven (Precision Scientific Co., Chicago, IL) for 24 h at 105°C (method 934.01; AOAC, 2006) . Wet digestion in nitric acid and 70% perchloric acid were conducted before chromium determination (Fenton and Fenton, 1979) for the diets, ingredients, and freeze-dried digesta samples followed by measuring absorption using a spectrophotometer at 450 nm (Spectronic 21D; Milton Roy Co., Rochester, NY). The N concentration in diets, ingredients, and freeze-dried ileal digesta samples was measured by the combustion method (model FP2000; LECO Corp., 
Calculation and Statistical Analysis
The AID, SID, and BEL were calculated using the equations described by Dilger et al. (2004) BEL of an AA from all pigs that received the NFD was used to the derive SID. The equations were also used for calculating CP digestibility with AA replaced by N.
The predicted AID and SID of AA in mixed diets were calculated using the values determined in the semipurified diets and the AA contributed by each ingredient to the mixed diets, using the following equation (Kong and Adeola, 2013) :
in which AID P (%) is the predicted AID for an AA in the mixed diet; AA C , AA SBM , AA D , and AA CM are the concentrations (%) of that AA contributed by corn, SBM, DDGS, and CM, respectively, which were calculated by multiplying the concentration of that AA (%) in that ingredient by the proportion (%) of the ingredient in the mixed diet; and AID C , AID SBM , AID D , and AID CM are the AID (%) of the AA determined ingredient. The predicted SID of AA in mixed diets were calculated using the same equation as with AID, but SID replaced AID.
The data for AID and SID for CP and AA in each the ingredients and mixed diets were analyzed using the MIXED procedure of SAS (9.2). The diet was considered as a fixed effect and block and period were random effects in the model. The t test was applied to test the null hypothesis that the difference between the determined and predicted AID or SID of CP and AA for mixed diet is equal to 0. Statistical differences were established at P ≤ 0.05, whereas 0.05 < P ≤ 0.10 was considered a trend.
RESULTS AND DISCUSSION
The analyzed concentrations of CP, Ca, total P, crude fiber, ADF, NDF, crude fat, ash, and AA of corn, SBM, DDGS, CM are shown in Table 2 . The analyzed CP and AA composition for experimental diets are presented in Table 3 . The CP levels of each mixed diets were approximately 16%, which was close to a practical complete diet for growing pigs. The calculated N and AA concentrations in mixed diets were similar to determined values.
The BEL data are showed in Table 4 . The results of AID and SID for all the ingredients and mixed diets except NFD are presented in Tables 5 and 6 , respectively. The AID and SID of CP and AA for corn, SBM, DDGS and CM were within the range of previous data Baker and Stein, 2009; Woyengo et al., 2010; Yang et al., 2010; NRC, 2012) . Similar to previous reports, the AID for Thr were the lowest among the indispensable AA in SBM, DDGS, and CM (72.4, 66.8, and 64 .9%, respectively), and it was the second lowest in corn (67.5%). Nevertheless, the SID of Thr for ingredients was not the lowest among all essential AA. This could be attributed to the high BEL of Thr (492 mg/kg DMI). The considerable variance of BEL of Pro could be attributed to the physiological status when the pigs were fed NFD, which is a pitfall of the NFD method (de Lange et al., 1989) . The BEL for most of AA of the current study (Table 4) is similar to previous studies (Nyachoti et al., 1997; Fan and Sauer, 2002; Moter and Stein, 2004; Zhai and Adeola, 2011) , whereas the ratio of endogenous loss of each AA to the loss of Lys varied from the data reported by Zhai and Adeola (2011) , especially in Arg (137 vs. 104), Leu (120 vs. 108), Thr (108 vs. 100), and Val (102 vs. 91). In Table 7 , the differences between determined and predicted values of AID and SID for CP and AA in mixed diets are presented. The results revealed that the predicted SID were consistent with determined values, except for 6 individual AA in the corn-SBM diet (Leu, Thr, Asp, Cys, Pro, and Ser) and 2 individual AA in the corn-SBM-DDGS diet (Met and Cys). In other words, the SID of CP and most AA for corn, SBM, DDGS, and CM are additive in mixed diets. These results agree with data from previous studies (Furuya and Kaji, 1991; Nyachoti et al., 1997; Mosenthin et al., 2000; Stein et al., 2001 Stein et al., , 2005 Stein et al., , 2007 , which showed that SID of CP and AA in mixed diets could be predicted by SID of ingredients.
In the corn-SBM diet, the determined AID for total AA and 5 individual AA (Arg, His, Trp, Gly, and Pro) were greater (P < 0.05) than predicted (Table 7) . For the corn-SBM-DDGS diet, the determined AID were greater (P < 0.05) than predicted AID for CP, total AA, and all AA except for Arg, Leu, and Pro. In the corn-SBM-CM diet, the determined AID were greater (P < 0.05) than predicted AID for Arg, Cys, and Gly. When compared with determined values, the predicted AID in the corn-SBM-DDGS-CM diet were lower (P < 0.05) for total AA and 4 individual AA (Arg, Met, Cys, and Pro). These results indicate that the predicted values derived from AID of CP and AA for ingredients were different from the determined AID in mixed diets for several AA. These results are consistent with previous data reporting that AID for AA were not additive in mixed diets containing corn for nonruminant animals (Furuya and Kaji, 1991; Mosenthin et al., 2000; Stein et al., 2005; Kong and Adeola, 2013) . However, the number of AA for which the predicted AID was different from the determined AID varied among the mixed diets used in the current study.
The addition of DDGS to the corn-SBM mixed diet to produce a corn-SBM-DDGS mixed diet resulted in the determined AID of CP and all AA but Pro being greater (P < 0.05) than the predicted AID (Table 7 ). An exception was Arg, which showed a tendency (P < 0.10) for the determined AID to be greater than the predicted AID. Thus, the addition of DDGS to a corn-SBM-DDGS mixed diet resulted in more individual AA having greater determined AID than predicted AID when compared with a corn-SBM mixed diet, in which 5 individual AA were observed to have greater determined than predicted AID. However, when CM was added to the corn-SBMbased diet to produce the corn-SBM-CM mixed diet, underestimation of AID was observed in only Arg, Cys, and Gly. It could be inferred from these results that AID of AA for CM might be more likely to be additive in mixed diets than those for DDGS.
The AID of AA for high-CP ingredients may be more likely to be additive in mixed diets than those for low-CP ingredients. Fan and Sauer (1995) reported that the AID for CM is not underestimated if measured using the direct procedure. The study of Stein et al. (2005) supported earlier reports that AID of AA in mixed diets based on SBM and CM are additive. In contrast, the AID for low-CP ingredients might underestimate the digestibility of AA, due to the relatively higher concentration of endogenous N and AA in total ileal N and AA flow (Fan et al., 1994) . Therefore, if a mixed diet contains a high proportion of a low-CP ingredients such as corn, the predicted AID of CP and AA are more likely to be lower than determined values, while predicted SID are similar to determined value because of the adjustment for BEL of AA. Therefore, Stein et al. (2005) concluded that the additivity of AID in mixed diets depends on the N and AA content in the semipurified diets used to determine the AID of AA in each ingredient. In diets commonly fed to pigs, the CP and AA contents are considerably higher than the semipurified diet used to determine the AID of AA in low-protein ingredient such as corn. Therefore the AID of AA in corn tends to be underestimated and eventually results in the lack of additivity. However, this explanation is not applicable for the DDGS used in this experiment. Although the DDGS semipurified diet contained high levels of N and AA, there was still underestimation of the AID of AA in DDGS, which resulted in a lower predicted AID than determined values in corn-SBM-DDGS diet. One possible reason for this phenomenon could be the high inclusion rate of DDGS in the semipurified diet used to determine the digestibility of CP and AA in the current study. A shortcoming of DDGS in swine diets is its high concentration of fiber (Stein and Shurson, 2009 ). The negative relationship between dietary fiber or non-starch polysaccharides (NSP) content and ileal digestibility of AA was reported in previous studies (Yin et al., 2000; Dilger et al., 2004) . The semipurified diet formulated with DDGS for the current study contained 57.8% DDGS. Therefore, the underestimation of AID in DDGS could be attributed Total AA 11,392 1,294 ----1 Means of 7 observations. One of the pigs on the nitrogen-free diet did not produce enough ileal digesta for chemical analysis.
2 Ratios are calculated by dividing endogenous loss of each AA by the endogenous loss of lysine and multiplying by 100. to the negative influence of high fiber or NSP content in the semipurified diet that was used to determine the ileal digestibility of CP and AA in DDGS. Further studies are needed to confirm this assumption. Furthermore, the AA composition and digestibility in corn DDGS (Stein and Shurson, 2009 ) could lead to an unbalanced AA profile in the DDGS semipurified diet and therefore affect the determination of AID of AA. It appears that ingredients could contribute to additivity or nonadditivity of AID in mixed diets. In the mixed diets in the current study, SBM and CM contributed to the additivity of AID. Corn and DDGS contributed to the nonadditivity of AID in mixed diets. Therefore, an explanation for the variation of differences between determined and predicted AID for the 4 mixed diets could be the different concentration of ingredients in the complete diet. Corn accounted for 37% of CP in the corn-SBM diet, while the SBM was responsible for 63% of CP. With the addition of DDGS in the corn-SBM-DDGS diet, approximately 51% of CP was derived from corn-DDGS, which contributed to the nonadditivity of AID, and CP from SBM was reduced to 49%. Therefore, in the corn-SBM-DDGS diet, more AA were not additive in AID than in the corn-SBM. However, in the corn-SBM-CM diet the SBM-CM accounted for 68% of CP in the mixed diets. In this case, the portion of CP that originated from ingredients that contributed to the additivity of AID was greater than in the corn-SBM and the corn-SBM-DDGS diets. Consequently, there were fewer AA for which the predicted AID was different from the determined AID in the corn-SBM-CM diet. For the corn-SBM-DDGS-CM diet, the portion of CP derived from SBM-CM was lower compared with the corn-SBM-CM diet, which resulted in more AA having greater determined than predicted AID.
In conclusion, the results indicate that SID of AA are more accurate than AID for predicting ileal digestibility of AA in mixed diets containing multiple protein sources. In addition, the lack of additivity of AID in mixed diets could be attributed to the intrinsic characteristics of each feed ingredient, especially its AA content.
LITERATURE CITED
AOAC International (AOAC). 2000. Official methods of analysis.
AOAC, Arlington, VA. 2 SBM = soybean meal; DDGS = distillers' dried grains with solubles; CM = canola meal.
3+ 0.05 < P ≤ 0.10.
*P ≤ 0.05; **P ≤ 0.01.
